Purpose: To address the systematic bias in whole-brain dual flip angle (DFA) T 1 -mapping at 7T by optimizing the flip angle pair and carefully selecting RF pulse shape and duration.
Introduction
The longitudinal relaxation time, T 1 , is related to the concentration of iron and myelin in the brain (1, 2) . 1 is thus a relevant parameter in the process of normal aging (3) but also in pathologies such as multiple sclerosis and Parkinson's disease (4) (5) (6) . Quantification of T 1 on a voxel-wise basis allows for reproducible maps of a tissue-specific metric that can be compared longitudinally (7) and across sites (8) . The increase in contrast compared to conventional weighted images, due to the removal of confounding contrast sources, may allow for visualization of otherwise invisible pathologies, and is more directly related to tissue properties (9) .
A seemingly straightforward and undemanding way to perform quantification of T 1 is by varying the flip angle of a gradient echo sequence under spoiled steady-state conditions (10) (11) (12) . A two-point measurement, i.e., a dual flip angle (DFA) approach, is sufficient to determine T 1 as well as the signal amplitude reflecting proton density (PD). The DFA approach is the fastest method to acquire high resolution whole-brain maps of T 1 and has been applied extensively on clinical MR systems and dedicated processing tools, like the hMRI toolbox (13) have been made available. Besides T 1 , this toolbox can also provide maps of R 2 * , proton density (PD), and magnetization transfer (MT) saturation.
Studies employing DFA-based T 1 -mapping of the whole-brain at 7T have, to our knowledge, not previously been published although one study has employed three flip angles to map T 1 in a single 2D slice (14) .When implementing a DFA protocol at 7T, one must consider the reduced homogeneity of primarily the transmitted radio frequency (RF) field, B 1 + , but also B 0 , as well as the prolonged T 1 compared to 3T. The DFA approach for quantification of T 1 is very sensitive to B 1 + inhomogeneities, thus accurate flip angle mapping becomes more important at 7T for performing a post-hoc correction of T 1 estimates (15) . The prolongation of T 1 entails an increase in TR and to avoid dead time, a multi-echo readout can be accommodated within TR. This is a time-efficient approach to increase SNR through averaging across echoes (16) while at the same time enabling quantification of R 2 * and magnetic susceptibility, χ.
In this study, the procedure to optimize a DFA protocol for whole-brain T 1 -mapping at 7T is described. Primarily, the choice of flip angles as well as RF pulse shape and duration are discussed and motivated by minimizing noise propagation and addressing systematic biases in the T 1 estimation. The investigated sources of bias were residual transverse coherences, reduced flip angles due to B 0 inhomogeneities, as well as incidental on-resonance magnetization transfer (MT) effects on the longitudinal magnetization.
The absorption of RF by the bound macromolecular pool depends on (B 1 + ) 2 and will thus cause partial saturation of the bound macromolecular pool (17) . When the bound pool is more saturated than the bulk water, the observed steady state is lowered by MT to the bound pool, which in turn is interpreted as an increase in T 1 . Such MT induced changes of T 1 have been reported for 3T (18) , but can be addressed by choice of pulse shape and duration.
A finalized DFA T 1 -mapping protocol with multi-echo readout is produced, from which R 2 * , χ, and PD estimates are also derived by the multi-parametric hMRI toolbox (13) . T 1 values, estimated using a rational approximation of the Ernst equation (15) , are reported in subregions of normal brain tissue for nine healthy volunteers and compared to literature values.
Validation experiments were performed, both in a multi-T 1 phantom and in-vivo, using an inversion recovery (IR) prepared EPI sequence. The total measuring time for a whole-brain multi-parameter map with isotropic 0.9 mm resolution was under 8 min including flip angle mapping.
Theory T1 estimation via a rational approximation of the Ernst equation
The dependence of the steady-state signal on the flip angle, α, in a spoiled gradient echo with perfectly spoiled transverse coherences is given by the Ernst equation:
where denotes the complex signal amplitude at TE, that is, the signal obtained for α = π/2 and fully relaxed conditions, i.e. TR ≫ T 1 . is a function of TE, thus allowing quantification of R 2 * and χ. For small flip angles (α ≪ 1) and short TR ≪ T 1 , the expression in Eq. [1] can be approximated by (15, 19) :
This equation immediately shows the change from T 1 -weighting (T 1 -w) to PD-w with decreasing flip angles when α 2 2 ⁄ becomes smaller than TR T 1 ⁄ and the fraction of the righthand term approaches unity.
The Ernst angle, α E , defined by cos α E = exp(− TR T 1 ⁄ ), for a given TR and T 1 , is correspondingly approximated by
Lastly, Eq. [2] can be rewritten as
revealing a linear relationship when (α)/α is plotted against (α) • α. | | can thus be derived as the intercept and T 1 from the slope of a regression line. This also provides a simple way to visually inspect variable flip angle (VFA) data for systematic biases such as those resulting from residual transverse coherences (20) .
In the DFA-based T 1 estimation, two flip angles (α T1 , α PD ) are used to provide two signals T1 and PD , which are predominantly T 1 -w and PD-w. Use of the nominal flip angles in Eq. [2] (α nom , as defined on the user interface) yields an apparent T 1 (15),
as well as an apparent signal amplitude,
| app | = T1 PD ( T1 PD  ⁄  − PD T1  ⁄  )  ( T1 T1 − PD PD ) . [6] Note that apparent stands for "without correcting for 1 + inhomogeneities". Correspondingly, replacing T 1 with T 1,app in Eq. [3] yields the apparent α E , that is, the nominal flip angle at which the signal maximum would be observed in this voxel.
The propagation of noise from the signals T1 and PD into the calculated T 1,app is minimized for the following flip angles (19) :
α PD,opt ≈ α E 2.414 ⁄ .
[8]
Correcting for B 1 + inhomogeneities
In the presence of B 1 + inhomogeneities, the local flip angle is described by the transmit field bias, T , as α = T • α nom. [9] Inserting this into Eq. [4] , T appears in the intercept and the slope, yielding the T -corrected parameter values (15, 19) :
Thus, T cannot be derived from a VFA at low flip angles but must be mapped independently.
From | |, PD can be derived by numerically approximating the receive field (13) .
Methods
Experiments were performed on an actively shielded 7T MR system (Achieva, Philips
Healthcare, Best, NL), using a head coil with two transmit and 32 receive channels (Nova Medical, Wilmington, MA). Healthy adult subjects were scanned after giving informed written consent as approved by the regional Ethical Review Board.
A non-selective 3D multi-echo spoiled gradient echo ("T1-FFE") sequence was used. Sagittal volumes of 230×230 mm 2 in-plane FOV and 200 mm in the right-left direction (with some variation due to subject size) were acquired at isotropic voxel size of (0.9 mm) 3 with readout in the head-feet direction. Within TR = 18 ms, eight equidistant gradient echoes were acquired with fat and water in-phase (at multiples of TE = 1.97 ms) at a bandwidth of 670
Hz/px using alternating readout gradient polarity to reduce eddy currents, peripheral nerve stimulation, and gradient heating. The scan time was 3:23 min using a SENSE-factor(21) of 2 in both phase-encoding directions and an elliptical k-space coverage.
A series of experiments were performed to determine the optimal settings for the PD-w and Three B 1 + maps with STEAM preparation angle of 25°, 40° and 60° were acquired to account for the variation of B 1 + at 7T (24) . In brief, voxels showing low SNR (at local α < 25°) or bias (at local α > 50°) were masked out and the remaining overlapping maps averaged, resulting in a single composite T map (24) .
Data processing
DICOM images were exported, pseudo-anonymized and converted to 4D NIfTI files using an in-house modification of the dicm2nii tool (25) . In brief, voxel intensities were scaled back to physical signal [a.u.] using private DICOM tags, phase maps were converted to radians, and spatial dimensions were re-ordered to conform to radiological convention (right-left) in the standard transverse orientation.
Processing was performed in FSL (26) and MATLAB. For each scan, voxel intensities were averaged across TEs. Rigid-body co-registration of the separate scans was performed using FLIRT (27, 28) . The brain mask was derived from the PD-w scan using BET (29) . 1 maps were calculated using Eq. [5] and corrected post-hoc using the composite DREAM T map.
To account for any residual effects of imperfect spoiling on the T 1 estimates arising in high B 1 + areas, the T map was modified based on simulations performed by Baudrexel et al. (30) .
In this work, voxel-wise correction factors for incomplete spoiling are calculated based on the RF phase increment which was 150° in this work.
For PD and R 2 * maps, processing was done by the hMRI toolbox to exploit the built-in functions of data-driven receive field estimation and normalization of PD maps to white matter (WM) where the mean PD value is assumed to be 69 percentile units (p.u.)(8) as well as the use of ESTATICS(31) for R 2 * calculations. The Multi-Scale Dipole Inversion (MSDI) algorithm (32) was used for QSM on the T 1 -w multi-echo dataset.
Experiment 1: Nominal flip angle pair and spoiling bias
The nominal flip angle was varied from 4° to 32° in increments of 4° with otherwise constant parameter settings. This VFA experiment allowed to visualize the signal bias caused by incomplete spoiling through deviations from linearity in Eq. [4] and minimize noise propagation as in Eqs. [7] - [8] .
Incomplete RF spoiling depends on the RF phase increment and can affect the signal in a spoiled steady-state gradient echo acquisition and thus lead to systematic bias in the T 1 estimation(33). The effect increases with the local flip angle and is negligible beneath a certain threshold. To identify the onset of bias due to incomplete spoiling, ROI analysis was performed in a high and low B 1 + area, respectively. This way, a suitable upper limit on α T1 could be determined.
A voxel-wise whole-brain map of the apparent Ernst angle was calculated from the slope of the linear regression, excluding nominal flip angles higher than the upper limit set on α T1 . To achieve a compromise regarding noise progression over the whole brain, choice of α T1 and α PD was based on the whole-brain median of the apparent Ernst angle.
Recognizing that some incomplete spoiling likely occurred in high B 1 + areas regardless of the conservative choice of flip angles, further steps were taken to reduce bias in the T 1 estimation. The correction factor derived by Baudrexel et al. (30) was superimposed onto the composite map. This modified T map was then used for correction of T 1 estimates.
Experiment 2: RF pulse shape
To avoid a decrease in the local flip angle in areas with a high proton resonance frequency ( 0 ) offset, different RF pulse shapes, available at the MR system, were evaluated. High 
Phantom validation
To estimates were then derived by mono-exponential three-parameter fitting of the signal dependence on TI. These reference T 1 estimates were compared to those acquired with the DFA protocol for the separate gel samples through ROI analysis.
In vivo validation
The protocol was also validated in vivo. To reduce motion sensitivity, a single-shot EPI was used with a resulting echo train length of 29, bandwidth in the phase-encoding direction of 55
Hz/pixel and TE=22.83 ms. The shortest and longest TI were excluded due to incomplete MT after inversion (35) and incomplete relaxation after readout. The total scan time was 2 min 20 s. Correction of EPI distortions were done in-plane in the phase encoding direction using FSL FUGUE. After upsampling the EPI-based T 1 map to 0.83 x 0.83 x 0.9 mm resolution the DFA-based T 1 map was co-registered and then down-sampled to the original 2D EPI to mimic partial volume effects before a voxel-wise comparison.
To study the conformity of T 1 estimates in WM, cortical gray matter (GM) and ventricular CSF, segmentation was performed using FAST (36) . To avoid partial volume effects and noise voxels, probability maps were masked so that only voxels with a probability of 1 were and inferior temporal regions. Therefore, the asymmetric sinc was preferred over the rectangular pulse.
Experiment 3: RF pulse duration
The effect of varying the RF pulse duration, τ, on estimated T 1 maps can be seen in Figure 4 .
An increase in estimated T 1 when decreasing τ is visible both in the color maps and in the histograms. For example, the peak T 1 estimates in the WM mode were 1128, 1253, 1373 ms for τ=2000, 700, 210 μs, respectively corresponding to nominal B 1 + amplitudes of 1.50, 4.32, 14.26 μT for α T1 , and 0.38, 1.08, 3.57 μT for α PD . A smaller increase in the GM mode was observed while CSF appeared unaffected. Since the values obtained with the 700 μs asymmetric sinc pulses were well in agreement to literature and could later be validated using IR-prepared EPI, this pulse duration was chosen for the protocol. However, a small systematic underestimation of DFA-derived 1 estimates is observable with a mean deviation of -1.6 %.
Phantom validation

In-vivo validation
A 2D comparison of an IR-derived and DFA-derived downsampled T 1 map of an example subject can be seen in Figure 6 . The maps are accompanied by a linear regression plot and a
Bland-Altman plot. The regression line has a slope of 0.90 and the Bland-Altman plot shows a mean deviation in T 1 of +0.5 % and a standard deviation of ±34 %. The ROI analysis (Table   1) shows that DFA T 1 values correspond well to the IR-EPI results in segmented white matter (+2 %), thalamus (+1 %) and putamen (±0 %), but were slightly lower in cortical gray matter (-3 %) and caudate nucleus (-4 %). Both methods show rather high standard deviations in CSF.
Cohort data
Regional T 1 values across nine healthy subjects are presented in Table 2 , together with literature values (14, (37) (38) (39) . The estimates derived in this study are within the span of previously reported estimates, except for cortical GM (6 % lower than the mean of previous estimates). Figure 7 illustrates a typical 3D T 1 map by two sets of orthogonal views, one centered on the basal ganglia and the other on the motor cortex. A distinct distribution of T 1 with GM can be seen. The histogram shows clearly delineated modes representing WM (~1280 ms) and GM (~1830 ms), whereas the broad CSF mode is discernible around 4000 ms. Finally, Figure 8 shows maps of T 1 , R 2 * , PD and χ, to illustrate the multi-parametric capability of the finalized protocol.
Discussion
In this study, we report on whole-brain T 1 -mapping at 7T using the DFA approach with special focus on addressing known sources of bias by the choice of RF excitation. Firstly, the influence of incomplete spoiling was mitigated by limiting the higher flip angle and applying a post-processing correction algorithm. Secondly, the use of an RF pulse shape with a flat frequency response profile removed the influence of B 0 inhomogeneities. Thirdly, the duration of the RF pulse was adjusted so that magnetization transfer between the bound and free water pool was minimized. Bias minimization is particularly important when using only two flip angles, since it is impossible to identify bias from just two data points (20) . Hence, in experiment 1, the flip angle was varied over a wide range. Due to the non-selective implementation, there was no need to account for slice profile effects on the T 1 estimates as described in a 2D VFA study at 7T (14) . T 1 quantification by the finalized protocol was validated: 1) in a multi-T 1 phantom using a gold standard IR-prepared EPI protocol; 2) in a single subject, again comparing to an IRderived reference; and 3) in a cohort of healthy volunteers, relating the T 1 estimates obtained by ROI analysis to the literature. In all these experiments, the DFA protocol generally yielded estimates well in agreement with the respective reference. The only notable deviation was observed in cortical GM, where the DFA protocol resulted in 3 % lower T 1 estimates relative the IR-prepared EPI protocol and 6 % lower than the mean of previously reported estimates (14, (37) (38) (39) . Regarding validation experiment 2, even though attempts were made to mimic the partial volume effects obtained in the low-resolution EPI images through downsampling (increasing cortical GM T 1 estimates), it is possible that this was not compensated for fully due to slice profile effects and an imperfect co-registration. On a similar note, the single-slice studies with larger slice thickness (14, 37) have reported higher cortical GM estimates than studies with smaller slice thickness (38, 39) implying that partial volume effects from the CSF has led to overestimation of cortical GM T 1 .
Although DFA-based T 1 quantification appears fairly straightforward to implement, it is more sensitive to B 1 + inhomogeneities than the IR-based measurements often used as reference (37, 39) . Based on RF pulse simulations, we chose to change the RF pulse shape from a rectangular pulse to an asymmetric sinc pulse, to obtain a flat frequency response within the typical 0 range in the brain at 7T. With a rectangular pulse, a sufficiently broad frequency response entailed a high 1 + amplitude (close to 20 uT) and thus considerably stronger MT effects (not shown). Contrary to the standard settings, the RF pulse duration, τ, was kept constant between the two flip angles, rather than the maximum B 1 + amplitude, B 1,max + . This approach was chosen because, for a certain pulse, it allows to balance the partial saturation of the free and the bound pool over a range of sufficiently small flip angles and thus reduce incidental MT effects (18) . The partial saturation of the free water pool is f = 1 − cos ≈ α 2 Still, T 1 was systematically underestimated in WM of the inferior temporal lobes and cerebellum, where B 1 + was quite low (~50%). Since the composite maps were specifically designed for a wide range of B 1 + , the tentative explanation is that the approximation of MT given above may be an oversimplification. While our empirical adjustment of τ gives correct T 1 for moderate deviations of B 1 + , it may still imply bias where the local B 1 + power is low.
Despite this, overall T 1 estimates in WM agrees well with those obtained using IR-prepared EPI ( Table 1 ) and literature ( Table 2) . Assessment of T 1 in different cortical regions will be covered elsewhere.
Hypothetically, the small flip angle approximation ( ≪ 1 rad) could have contributed to the deviation from linearity in experiment 1. At the highest local flip angle of 39° in Figure 1 (α nom = 32° and = 1.23) the deviation to the exact solution (19) is merely 4%. At 20 degrees local flip angle, the deviation to the exact solution is below 1 % which is much smaller than the observed deviation.
Apart from attempting to avoid effects from incomplete spoiling altogether by limiting the upper flip angle, we also applied a linear correction algorithm (30) . Generally, the effect of this correction on the T 1 estimates were small compared to MT effects. Yet, in central regions of high B 1 + such as the splenium and thalamus, T 1 estimates were reduced, and better matched the estimates observed with IR-prepared EPI and literature. Consistent with this, high B 1 + areas showed deviation from the Ernst equation at a nominal flip angle of 16° (experiment 1).
The correction method was developed with 3T data in mind and simulations were therefore performed on a limited range of T 1 s from 700 to 1800 ms (30) . Although barely, this should cover the range of T 1 s found in the basal ganglia in the center of the brain where B 1 + is at its highest. It would perhaps be possible to rely completely on the post-correction thus not reducing the higher flip angle. It was deemed more prudent, however, to limit the effect of residual transverse coherences at a modest cost in SNR (19) . Another way to ensure sufficient spoiling could have been to exploit the long TR at 7T to implement long crusher gradients(43) instead of doing a multi-echo readout. Again, since the effect of residual transverse coherences can be effectively limited by the upper flip angle and/or correction, subject comfort and the benefit of the R 2 * and susceptibility quantification may be considered more important. Longer T 1 times at 7T favor a longer TR compared to 3T, which was used to accommodate a multi-echo readout. This leads to improved SNR (15) with the added benefit of additional parameter quantification from the evolution of transverse magnetization ( Figure   8 ). The timing of the echo train was similar to an established 3T multi-parametric protocol (3, 8) but the shorter T 2 * at 7T (~15 -25 ms) will yield a higher precision in the T 2 * estimates. The PD values obtained by the hMRI toolbox appeared reasonable despite the conversion from | | to PD being optimized for 3T. The hMRI toolbox assigns a PD of 69 p.u.
to WM, which could result in errors especially in very young, elderly, or diseased subjects where a large part of WM deviates from this value (8) . In combination with a MT-w acquisition, the maps of T 1 and | | can be used to calculate the MT saturation (44) , although this is challenging at 7T due to specific absorption rate restrictions (45) . Thus, accurate T 1 mapping will reduce the bias of | | and hence MT saturation. In addition to magnitude-based multi-parametric data, χ maps were estimated from the phase images by QSM reconstruction (32) . A detailed discussion of these multi-parametric 7T maps is outside the scope of this paper, however.
Another T 1 -mapping technique is MP2RAGE (38) , which has become popular due to the inherent compensation of B 1 + inhomogeneity and interleaved acquisition of the T 1 -w and PD-w images. Derivation of T 1 is performed using a look-up table, and the readout train will somewhat limit the capability of simultaneous mapping of R 2 * and χ (46) . The main benefit of the VFA approach for whole-brain T 1 -mapping is the speed of acquisition due to the lack of recovery intervals. When compared to inversion recovery-based techniques, this reduction of scan time is particularly large at 7T due to the prolongation of T 1 . Measurement time can thus be spent to increase spatial resolution.
Conclusions
T 1 -mapping at 7T using a DFA-based approach in a multi-parameter mapping context is feasible, but care should be taken to address systematic bias due to residual transverse coherences, incomplete excitation in areas with high B 0 deviations, B 1 + inhomogeneities as well as incidental on-resonance MT effects. It is suggested to limit the upper flip angle to avoid incomplete spoiling, using an RF pulse shape that is insensitive to B 0 inhomogeneities as well as adjusting the RF pulse duration to reduce incidental MT effects. Figure 7 . 1 maps of a representative subject with accompanying whole-brain histogram using the finalized protocol. The color scale is centered on the GM peak (gray) to highlight variations across GM represented by gray/dark blue. WM appears red/bright orange and the CSF is shown in light blue. Orthogonal views in the upper row is centered on the basal ganglia and the lower on the motor cortex. The asymmetry in the right cerebellum is caused by the two-channel transmit/receive coil locally yielding weak 1 + coverage and low SNR.
Tables
The whole brain 1 histogram shows clearly delineated WM/GM modes and long tail corresponding to voxels of predominantly CSF. Figure 8 . Example multi-parametric maps of 1 , 2 * , PD and from a representative subject using the finalized protocol. Note, the well-defined structures in the visual cortex on the map compared to the 2 * map.
